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ABSTRACT Permanent cell lines from transplantable tu-
mors from 7,12-dimethylbenz(a)anthracene-induced erythro-
leukemia of the rat were established. These cell lines main-
tain their erythroid nature. Erythroid differentiation can be
induced by dimethylsulfoxide. This is shown by decrease in
cell size, appearance of red and benzidine positive cells, and
induced synthesis of four out of six adult globin chains.
Erythroid differentiation and hemoglobin synthesis can be
induced by dimethylsulfoxide (Me2SO) in permanent cell
cultures of mouse spleen cells transformed by Friend virus
(spleen focus forming virus) (1-3). The availability of such
cells allows studies of the factors involved in erythroid dif-
ferentiation. The possibility exists that the Friend virus is
both necessary for the specific block in differentiation and
also for the specific release of this block by Me2SO (4-6). It
is important to know whether cells of chemically induced, or
those of spontaneously occurring, erythroleukemias are
equally responsive to highly polar compounds (1, 7) or to
fatty acids (8, 9). In addition, we would like to know wheth-
er Me2SO is an erythroid differentiation-inducing agent in
species other than mice.
In this paper we present data on the establishment of per-
manent cell lines from two independently 7,12-dimethyl-
benz(a)anthracene-induced erythroleukemias of the rat (10,
11). These cells can be induced to differentiate and to syn-
thesize adult rat hemoglobin on exposure to Me2SO. This rat
erythroleukemia system obviously can also be used to study
the cause of the nonuniform biosynthesis of the six to eight
hemoglobins of the adult rat (12-14).
MATERIALS AND METHODS
Source of Cells. Erythroleukemias have been induced by
pulse doses of 7,12-dimethylbenz(a)anthracene in random
bred, weanling Long-Evans rats (10, 11). Blood of these er-
ythroleukemic rats was injected subcutaneously to other
newborn rats of the same strain (15). Tumors developed
which histologically resemble erythrosarcomas (15). Two tu-
mors of different origin of male animals, one exhibiting a
normal karyotype and one with a C-1 trisomy after the 9th
and 6th passage, respectively, were used for establishing the
cell lines. Cell line RED-2 was derived from the rat erythro-
leukemia with diploid karyotype and REC-1 from a rat er-
ythroleukemia with the C-1 trisomy.
Abbreviation: Me2SO, dimethylsulfoxide.
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Establishment of the Cultures. Pieces of tumors were re-
moved and the cells were suspended in cell culture medium
by disruption with two forceps. The initial cell density was
between 5 X 105 and 2 X 106 cells per ml. Part of the medi-
um was removed daily for the first 3 days. Dense cultures
were subdivided.
Medium. Eagle's medium with Earle's balanced salt solu-
tion enriched for vitamins and for essential as well as for
nonessential amino acids was used. Ten percent fetal calf
serum was added (2).
Determination of Cell Size. A Coulter Counter model ZB
attached to an Ortec model 9200 multichannel analyzer was
used for the determination of cell volume of the cells at vari-
ous days after Me2SO treatment. A 50-Aim orifice was used,
and the conductance of known particles and other cells used
as references.
Change in Light Scattering Properties of the Cells. A
computer-controlled high-speed cell analyzer/separator (16,
17) was used to observe and record the light scattering sig-
nals at 6° in the forward angle of individual living cells as
they passed through a focused laser beam. These properties
are a function of size, surface structure, and refractive index
of the cells.
Benzidine Staining. Benzidine positive cells were identi-
fied by routine procedures.
Globin Separation. Adult peripheral erythrocytes of
Long-Evans inbred rats were washed in physiological saline.
They were lysed by a 10-fold excess of 1% Nonidet P-40 in
phosphate-buffered saline pH 8.7 at 40 to avoid crystal for-
mation of the hemoglobin. Labeled tissue culture cells (2)
were treated similarly. The lysate of both preparations was
pelleted at 10,000 X g for 10 min and the hemoglobin-con-
taining supernatant was precipitated in acetone/HCI (2).
The acetone-washed precipitate was dissolved in starting
buffer (5 mM Na2HPO4, pH 6.5). The globin was separated
on a carboxymethylcellulose-urea column with a linear gra-
dient comprised of 200 ml each of starting buffer and 0.06
M Na2HPO4, pH 6.7, column dimension 1 X 12 cm.
Induction of Differentiation. Me2SO (Spectroscopy
grade, Merck, Darmstadt) was added to the culture medium
to a final concentration of 1 or 1.2%. Cells in logarithmic
growth at a density of 5 X 105 to 2 X 106 per ml were used
for induction. Part of the medium and cells were removed
and new Me2SO-containing medium was added to keep the
cells at a density between 0.5 X 106 and 1.5 X 106 cells per
ml.
Cloning of Cells. Cells were cloned in medium with
0.35% GIBCO agar and 20% fetal calf serum. The clones
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FIG. 1. Volume measurements of erythroleukemic rat cells in-
duced by 1.2% Me2SO. The different frequency distributions are
superimposed with increasing volume on the abscissa and number
of cells on the ordinate as determined by Coulter conductance
measurements using a 50-Aim orifice. A, uninduced cells; B, 1 day
of Me2SO induction, 1.2%; C, 3 days of induction; D, 4 days of in-
duction.
were picked up after 12 days of growth in a moist chamber.
Cell clones DI-10 are derived from RED-2 and clones
CI-10 from REC-1.
RESULTS
Establishment of rat erythroleukemic cells in culture
Cells of both tumors adapted to growth in tissue culture at
once. REC-1, which was derived from a tumor with C-1 tri-
somy, is heteroploid. RED-2, which is derived from a dip-
loid tumor, did not change in karyotype. The doubling time
of cell clone D5 is 12-17 hr.
Me2SO-induced erythroid differentiation
The rat erythroleukemia cells, upon induction with Me2SO,
undergo changes in their cell size that indicate that they are
dividing without fully reproducing their normal cytoplasmic
contents. In Fig. 1 is shown the progression of the cells to
smaller volume with increasing duration of Me2SO treat-
ment. The progression is exactly parallel to that observed for
mouse cells transformed by Friend virus and induced to dif-
ferentiate with Me2SO treatment, although the final size
reached is somewhat larger for the rat cells (17). The time
correlation of size change with globin production and benzi-
dine positive cells suggests that the size reduction is a conse-
quence of the differentiation process in which normal pro-
tein synthesis is shut off in favor of the specialized produc-
tion of globin. In Fig. 2 is shown the change in light scatter-
ing properties of the cells as they undergo differentiation in
Me2SO. The cells become more refractile and smaller, as ob-
served by phase contrast microscopy, and these changes are
shown by the smaller light scattering signal observed for the
cells after Me2SO induction. Some cells during maximal in-
duction morphologically resemble reticulocytes or erythro-
cytes and have lost their nuclei. The cell pellets are slightly
reddish at the second to third day of treatment and are max-
imally red at the fourth to sixth day of exposure to Me2SO.
The color intensity is less than in induced B8 or F4 mouse
erythroleukemia cells (2, 5). A pronounced increase in benzi-
dine staining for heme is observed parallel to the color
change (Fig. 3). The benzidine positive cells (B+) can be di-
vided into two categories: those with very strong staining
(about 10% of all cells of D5 at day 6) and those with weaker
staining (about 10-20%). Cells with strong staining are usu-
ally smaller in size, but most of them still show a prominent
condensed nucleus. The uncloned cell lines are more hetero-
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FIG. 2. Size measurements of erythroleukemia rat cells ob-
tained with the cell separator. Light scattered in the forward angle
was collected at 60 with an aperture of 0.50 using 488 nm laser
light incident at 530 to the fluid stream. (A) Frequency distribu-
tion of the light scattering intensities from uninduced rat erythro-
leukemic cells, and (B) from the same cell line 3 days after induc-
tion with 1.2% Me2SO are plotted with increasing signal size on the
abscissa and number of cells in the ordinate. CRE and SRE are
computer file names. H-CNTS = hectocounts.
geneous in their response to Me2SO and have at most 10-
20% B+ cells, whereas D5 or D4 shows above 50% B+ cells at
maximal induction. Other clones are less inducible. Less
than 0.1% of the uninduced D5 cells are B+ (Fig. 3).
Hemoglobin synthesis
Six adult rat hemoglobins can be separated on acrylamide
gels with isoelectric focusing in Wistar rats (12). We find
eight hemoglobins in Long-Evans rats with four distinct f3
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FIG. 3. Increase in benzidine positive cells in cell clone D5 ex-
posed to 1.2% Me2SO.
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FIG. 4. Induction of adult rat globin synthesis in uncloned rat cell line REC; carboxymethylcellulose-urea chromatography (see Materi-
als and Methods). The early eluting fractions have not been monitored. The globin chains are identified to correspond with the nomencla-
ture of Garrick et al. (13), using our own data on the globin chain composition of Long-Evans rat hemoglobins (unpublished). (@-----) Un-
stimulated; (0-0) stimulated, 1% Me2SO, 5 days; ( .... ) OD.
chains and two a chains (unpublished data). They are the
same as those described by other authors for other strains of
rats (13, 14). The exception is flo (Fig. 4), which moves ear-
liest during chromatographic separation. An attempt has not
yet been made using peptide or amino-acid analysis to show
,Bo to be different from the other ,B chains. The six globin
fractions can be separated by carboxymethylcellulose-urea
chromatography (Fig. 4). Unstimulated rat cells of RED-2,
REC-1, and D5 were labeled with [14C]- or [3H]leucine, and
the labeled proteins were separated together with carrier
globin on carboxymethylcellulose-urea columns (Fig. 4).
Only minor radioactivity peaks eluted with five of the six
carrier globin chains. This was not more than 1% of the total
labeled cell proteins. However, with optimal stimulation by
Me2SO, e.g., at day 6 with REC or D5 cells, about 15% of
the total label is eluted with only four of the carrier globins
(Fig. 4). No other new radioactivity peak is observed after
day 2 of stimulation. The identity of the induced proteins
with that of carrier globin shows that only adult globin is in-
duced and synthesized in rat erythroleukemia cells. Two of
the globins (flo and $I) are not induced, or only to a minor
degree. The increase in the relative rate of globin synthesis
of clone D5 is shown in Fig. 5. The decrease in the rate of
synthesis after day 8 reflects outgrowth of nondifferentiat-
ing cells.
DISCUSSION
We show here the establishment of rat erythroleukemia cells
in culture. The cells are derived from transplantable er-
ythrosarcomas that had been induced by a carcinogen,
7,12-dimethylbenz(a)anthracene (10, 18). The cells maintain
their erythroid nature under permanent culture conditions.
Addition of Me2SO to two independently isolated rat er-
ythroleukemia cell lines and to several clones of these lines
induced a change to smaller average cell size (Figs. 1 and 2).
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FIG. 5. Increase in the relative rate of globin synthesis of clone
D5 after exposure to 1% Me2SO. Globin chains were separated as
described, and the amount of radioactive label ([14C]- or [3H]leu-
cine) was determined after background subtraction, using the total
percentage of labeling in cytoplasmic Nonidet P-40-soluble pro-
teins of nonstimulated cells (labeled with [3H]- or ['4C]leucine).
The decrease in the relative rate of globin synthesis during later
days of Me2SO exposure reflects the outgrowth of Me2SO-adapted
but nondifferentiating erythroleukemia cells.
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The cells show heme and globin synthesis, as evidenced by
benzidine staining, appearance of red-colored cell pellets,
and cochromatography of labeled and induced proteins with
adult rat carrier globin. Only four of the six rat globin chains
were noticeably induced on stimulation.
Our data show that Me2SO is not only able to induce
erythroid differentiation in cells transformed by Friend
virus, but also in this chemically induced erythroleukemia.
The action of Me2SO is not limited to one species, to the
mouse, but can also be found with transformed rat cells. A
human polycythemia vera cell line (19) with erythroid char-
acteristics, however, does not respond to Me2SO with eryth-
roid differentiation (refs. 19 and 20, and unpublished data).
Chick erythroleukemia cells also do not respond to Me2SO
with erythroid differentiation (T. Graf, personal communi-
cation). Fatty acids do not induce globin synthesis in rat
cells, although the same substances induce hemoglobin syn-
thesis in mouse erythroleukemia cells (8, 9). We have pre-
liminary data that an endogenous rat virus is induced during
Me2SO-stimulated erythroid differentiation in these rat cell
lines. This is again analogous to the induction of an endoge-
nous spleen focus forming virus complex in virus positive
and negative mouse cell lines transformed by Friend (spleen
focus forming) virus (6). This system can possibly be used to
study the function of endogenous viruses in transformed
cells and their role during induced differentiation of such
cells.
Further work is needed to correlate the synthesis of pre-
sumably eight hemoglobins in Long-Evans rats in vivo to the
four globin chains synthesized in our cell lines. The rat er-
ythroleukemia cells can potentially be used to study the
cause of the nonuniform hemoglobin synthesis (12) (switch)
in the descendants of cloned erythroleukemia cells.
We thank Mrs. A. Rohmann and Mrs. U. Ries for assistance. The
work was supported by a research stipend (G.S.) and by a grant
(W.O.) from the Deutsche Forschungsgemeinschaft.
1. Friend, C., Scher, W., Holland, J. G. & Sato, T. (1971) Proc.
Nat. Acad. Sci. USA 68,378-382.
2. Ostertag, W, Melderis, H., Steinheider, G., Kluge, N. & Dube,
S. (1972) Nature New Biol. 239,231-234.
3. Furusawa, M., Ikawa, Y. & Sugano, H. (1971) Proc. Jpn.
Acad. 47,220-224.
4. Ostertag, W., Cole, T., Crozier, T., Gaedicke, G., Kind, J.,
Kluge, N., Krieg, J. C., Roesler, G., Steinheider, G., Weimann,
B. J. & Dube, S. K. (1974) in Differentiation and Control of
Malignancy of Tumor Cells, eds. Nakahara, W., Ono, T., Su-
gimura, T. & Sugano, H. (University of Tokyo Press, Tokyo),
pp. 485-513.
5. Dube, S. K., Gaedicke, G., Kluge, N., Weimann, B. J., Meld-
eris, H., Steinheider, G., Crozier, T., Beckmann, H. & Oster-
tag, W. (1974) in Differentiation of and Control of Malig-
nancy of Tumor Cells, eds. Nakahara, W., Ono, T., Sugimura,
T. & Sugano, H. (University of Tokyo Press, Tokyo), pp. 99-
135.
6. Dube, S. K., Pragnell, I. B., Kluge, N., Gaedicke, G., Stein-
heider, G. & Ostertag, W. (1975) Proc. Nat. Acad. Sci. USA
72, 1863-1867.
7. Tanaka, M., Levy, J., Terada, M., Breslow, R., Rifkind, R. A.
& Marks, P. A. (1975) Proc. Nat. Acad. Sci. USA 72, 1003-
1006.
8. Leder, A. & Leder, P. (1975) Cell 5,319-322.
9. Takahashi, E., Yamada, M., Saito, M., Kuboyama, M. &
Ogasa, K. (1975) Cann 66,577-580.
10. Huggins, C. & Sugiyama, T. (1966) Proc. Nat. Acad. Sci. USA
55,74-81.
11. Huggins, C., Grand, L. & Oka, H. (1970) J. Exp. Med. 131,
321-330.
12. Stein, S., Cherian, M. G. & Mazur, A. (1971) J. Biol. Chem.
246,5287-5293.
13. Garrick, L. M., Sharma, V. S., McDonald, M. J. & Ranney, H.
M. (1975) Biochem. J. 149,245-258.
14. Chua, C. G., Carrell, R. W. & Howard, B. H. (1975) Biochem.
J. 149,259-269.
15. Huggins, C. & Kuwahara, J. (1967) in Endogenous Factors
Influencing Host-Tumor Balance, eds. Wissler, R. W., Dao,
T. L. & Wood, S., Jr. (University of Chicago Press, London),
pp. 9-13.
16. Arndt-Jovin, D. & Jovin, T. M. (1974) J. Histochem. Cyto-
chem. 22,622-625.
17. Arndt-Jovin, D., Ostertag, W., Eisen, H., Klimek, F. & Jovin,
T. M. (1976) J. Histochem. Cytochem. 24, in press.
18. Sugiyama, T. (1971) Proc. Nat. Acad. Sci. USA 68, 2761-
2764.
19. Weimann, B. J., Kluge, N., Cole, T., Dube, S. K., v. Ehrens-
tein, G., Gaedicke, G., Kind, J., Knebel, A., Krieg, J. C., Meld-
eris, H. & Ostertag, W. (1974) in Modern Trends in Human
Leukemia, Biological, Biochemical and Virological Aspects,
eds. Neth, R., Gallo, R. C., Spiegelman, S. & Stohlman, F., Jr.
(Grune and Stratton, New York), pp. 84-93.
20. Weimann, B. J., Kluge, N., Dube, S. K., v. Ehrenstein, G.,
Krieg, J. C., Kind, J. & Ostertag, W. (1975) J. Nat. Cancer
Inst. 55, 537-542.
1240 Cell Biology: Kluge et al.
